This paper studies the mutual energy transfer between the fluid flow, described by incompressible Navier-Stokes equations, and the elastic body represented by vocal folds. The aerodynamic energy transfer function describes the amount and more importantly the sign of the energy exchange. It determines if the vocal fold vibrations are self-excited or prescribed.
Introduction
The human voice production is highly interesting topic of scientific research, see e.g. [2] , which results could help billions of people. Many theories try to explain how the voice is produced, see for example [8] . Here, we concentrate on the problem how the flow-induced vibration of vocal folds develops at the so-called phonation onset.
Self-sustained vocal fold oscillations can be maintained if the total power gained by vocal folds (VF) exceeds the energy loss caused by structure damping and the damping due to immersion into viscous fluid. According to analysis [9] a positive flow of energy from the airstream to the tissue can be realized if the net aerodynamic driving force has a component in phase with the tissue velocity, or differently said if a positive aerodynamic force asymmetry during one vibration period is established. This can be achieved by two scenarios -either by making use of oppositely phased supraglottal or subglottal acoustic pressures caused by time delay needed for acceleration of air column or by varying the glottal geometry called as changing the convergent and divergent shape of VF. It creates different intraglottal pressure distributions during opening and closing phase of one VF vibration period. In normal phonation both mechanisms may occur simultaneously however the experimental results support the second one to be more prominent, see [7] .
The presented fluid-structure interaction (FSI) problem is the coupled problem, consisting of the fluid flow problem and the elastic structure deformation problem, which are coupled by the boundary conditions at the common interface. The FSI problem is from its nature non-linear. The partitioned (i.e. not monolithic) approach is here chosen with implemented strong coupling procedure (when the convergence in each inner loop is checked) in order to obtain more accurate and robust numerical method, see [4] .
The elastic body motion is modelled with the help of linear elasticity. The fluid flow is described by incompressible Navier-Stokes equation in the ALE formulation, i.e. the arbitrary LagrangianEulerian (ALE) method is applied to incorporate the effects of the flow domain changes. Special attention is here paid to the inlet boundary conditions (BC), effectively determining the driving mechanism of FSI. In the scope of finite element method (FEM) there are two commonly used inlet boundary conditions. The Dirichlet boundary condition prescribing the inlet velocity or do-nothing type of BC giving the pressure drop between the inlet and outlet leads to numerical results not observed experimentally, see e.g. [3] . In the first case high, unphysical oscillations of inlet pressure (especially during channel closing) evolves, while in the second case the pressure gradient stays constant, [11] .
Third BC based on be newly proposed penalization approach, see [5] , seems promising. The penalization approach imposes the inlet boundary conditions inside weak formulation with a penalization parameter . It can be understood as generalization of both commonly used BCs.
The mathematical description of FSI problem is given in the first section of this article, in the second section the numerical scheme based on the FEM is explained. Third section compares the computed energy transfer functions for three presented inlet boundary conditions.
Mathematical description
For the sake of simplicity the FSI problem is considered two-dimensional. The geometric configuration of the problem is shown in Figure 1 
Elastic body
The deformation of the elastic body described by displacement u(X, t) = (u 1 , u 2 ) is given by the partial differential equations
where ρ s is the structure density, f s i is the component of volume force and τ s = (τ s ij ) are the components of the Cauchy stress tensor. The relation between the stress tensor τ s and the displacement u can be expressed by the generalized Hooke's law. For isotropic material and under assumption of small deformations it gets form
where δ ij is Kronecker's delta, e is the strain tensor, and λ s , µ s are Lame's constants, which can be determined from the Young modulus of elasticity and Poisson's ratio. The equation (1) is completed with zero initial conditions and following boundary conditions 
ALE method
The ALE method maps the reference domain Ω 
The ALE domain velocity is defined by
Then ALE derivative is introduced as the time derivative with respect to a fixed point
The practical construction of ALE mapping A t is described in [2] .
Fluid flow
The viscous and incompressible fluid flow in the time dependent domain Ω f t is modelled by the Navier-Stokes equations in the ALE form
where v(x, t) denotes the fluid velocity, p(x, t) is the kinematic pressure and ν f is the kinematic fluid viscosity, see [2] .
The problem (7) is equipped with zero initial and the following boundary conditions
where vectors n f and t f are the unit outer normal and the unit tangent to the boundary ∂Ω f t , respectively. Symbol (α) − = min{α, 0}, similarly (α) + is max{0, α} and p ref is a reference pressure, set as zero. The symmetry boundary condition in our case for x ∈ Γ f sym = {x 1 ∈ x min , x max , x 2 = 0} has the form v 2 (x, t) = 0, ∂v1 ∂x2 = 0. The last condition (8 c) is the modified do-nothing boundary condition according to [1] , which increases the stability of the scheme by suppressing possible backward inlet through the outlet boundary.
Special attention is paid to the inlet boundary conditions. The inlet part of the boundary is formally divided into three disjoint parts:
The following inlet boundary conditions are considered for any t ∈ (0, T)
The choice of inlet boundary condition is done by e.g. Γ The third boundary condition (9 c) is analogous to the first one, i.e. it prescribes the inlet velocity v Dir but by the penalization approach, see [5] . The value of penalization parameter controls the switching between the Dirichlet boundary condition (limit → 0 + ) and the pressure drop boundary condition (limit → +∞).
Interface conditions
The elastic problem (1) and fluid flow (7) are coupled, i.e. they depend on each other via the boundary conditions on the common interface. Moreover, the location of the interface Γ Wt at time t is dependent on the establishing force equilibrium between the aerodynamic and the elastic forces and therefore unknown. It is implicitly given by the deformation u as
The prescribed Neumann boundary condition expressing effect of aerodynamic force q s = (q s 1 , q s 2 ) on the interface Γ W for the structure is so called dynamic boundary condition. The force q s is given by
where tensor σ
) is the fluid stress tensor. The Dirichlet boundary condition prescribed for flow problem requires the continuity of velocities across the interface Γ Wt is so called kinematic boundary condition given by (9 a), where the domain velocity w D is equal to the structure velocity at the interface Γ Wt .
Numerical model
The numerical solution FSI problem is based on the finite element method. For the time discretization the equidistant time step ∆t = T N , N >> 1 with notation t n = n∆t is used.
Elastic body
For the purpose of FEM equation (1) is reformulated in a weak sense
where the Hooke's law (2) and the Green theorem during derivation was applied, see e.g. [10] . The symbol (·, ·) M denotes scalar product in the space L 2 (M ). This equation needs to be satisfied for all test functions ϕ = (ϕ 1 , ϕ 2 ) ∈ V × V , where
Further, the restriction of solution to the finite dimensional FE space
, where ϕ i are basis functions of this space, leads to matrix formulation for the unknown coefficients of linear combination α(t) = (α i (t))
where the matrix C was added as a model of the proportional structural damping, see e.g. [2] . The vector b(t) has components b j (t) = f s , ϕ j Ω s + q s , ϕ j Γ s Neu and the elements of matrices
The proportional damping matrix is chosen as C = 1 M+ 2 K with appropriate choice of parameters 1 , 2 . This system is numerically approximated by the Newmark method, see e.g. [2] .
Fluid flow
The equation (7) is at first discretized in time by the BDF2 scheme, see e.g. [10] . In next sections we omit the time index n + 1 and set Ω f := Ω f tn+1 . Then the weak spatial formulation of equation (7) in time t n+1 can be abstractly formulated as the problem of searching for a function pair V = (v, p) such, that V satisfies boundary conditions (8) and (9) and equation
is satisfied for any test function Φ = (ψ, q) from space X × M . The space X = X × X sym is introduced as
the case with pressure drop given by p in = 450 Pa in condition (9 b) with tag pres and finally the case of velocity v Dir = (1.9, 0) m/s imposed weakly with penalization parameter = 10 −5 s/m by condition (9 c) further labeled as pen. Moreover, the three cases of FSI simulation will be compared with the prescribed motion of elastic body in the form u(x, y) = (0, −0.072 (y + 0.0058) sin(200πt)) resulting to half-gap range g 0 = 7.1 − 793µm, i.e. only the influence of the vibrating walls on the flow field without any interaction. This simulation denoted by driven is performed with applied penalization BC (9 c) with v dir = (1.7, 0) m/s and = 5 · 10 −4 s/m. The vibration of vocal folds for all three cases is shown in figure 2 . In vel case the vibration amplitude rises quickly up to the time instant, when the simulation falls down due to too distorted computational fluid mesh. The same behaviour arises for pen case, just with certain time delay. In the pres case the VF vibrations grow slower than in vel and pen cases. The oscillation of inlet velocity and pressure is observed in pen case as in physical experiments [3] , whereas in vel case the inlet velocity remains constant, respectively in pres case the inlet pressure remains constant, see more detailed figures in [5] . 
Energy transfer function
In general, the rate of energy transfer (power) is the product of force and velocity. For the case of fluid flow and a moving surface, the rate of energy transferĖ transf at time instant t done by fluid stress on the (structure) surface is given bẏ
where the second equal sign follows from n f = −n s and condition (8 a), i.e. v = ∂u ∂t . The dominant component of tensor σ f is pressure (normal component), i.e. the major of work is done by pressure. The total transferred energy during a certain time interval can be calculated by integrating thė E transf over time, see [7] . The cumulative transfer function can be introduced as
The energy transfer functionĖ transf and the cumulative transfer function E cumul is plotted in figure 3 for the whole simulation time, cf. Fig. 2 . The detailed behaviour is shown for one period of VF motion with similar values of y-displacement, see figures 4 and 5. Since the inlet velocity v Dir,1 is higher than flutter velocity, cf. [6] , the rapid growth of vibration appeared as expected. The energy transfer function changes the sign from positive to negative during transition from channel opening to channel closing phase. The total energy transfer from fluid flow to vocal fold is positive, see value of cumulative function at the time of period end t end . This is true for all three cases, just the amount of imposed energy given by E cumul (t end ) differs. The rise of VF total energy is the strongest for case vel and the weakest for pres case, see figure 3 , supporting the statement that the penalization approach is generalization of both BCs (transition between both BCs). The behaviour of functionsĖ transf , E cumul is similar to results [7] although the asymmetry ofĖ transf is more obvious in article [7] probably due to prescribed BC of periodically changing pressure.
In driven case the total transferred energy per one vibration period is negative because the prescribed motion preserves the VF reference shape without changing divergent-convergent VF shape and the closing of channel is done against slightly bigger pressure than in opening phase resulting into total negative E cumul . 
Conclusion
This paper presents the energy transfer function concept which explains the mechanism how is the flow-induced vibration (of flutter type) born. The energy transfer functions are computed for four different numerical simulations of FSI problem. This problem is modelled by linear elasticity and 2D Navier-Stokes equations in ALE formulation with three different boundary conditions. Beside classical Dirichlet and do-nothing boundary conditions the quite new penalization approach is introduced, see [5] .
The presented numerical results for inlet velocity above critical flutter velocity exhibit the positive energy transfer from flow fluid to vocal folds. This is caused by pressure asymmetry during opening and closing phase of vocal fold vibration. If the divergent-convergent changing of vocal fold shape is prohibited, the energy transfer is negative.
